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A MINIMUM-THICKNESS BLANKET/SHIELD WITH
OPTIMUM TRITIUM BREEDING AND SHIELDING EFFECTIVENESS*

S. A. W. Gerstl

UNIVERSITY OF CALTFORNIA, LOS ALAMJS SCIENTIFIC LABORATORY
LOS ALAMOS, NEW MEXICO 87545

A blanket/shield assembly for a fusion reactor has been designed through exten-
sive optimization studies., The design was optimized under the following constraints:
(a) minimum overall thickness, (b) tritium breeding ratio of 1,10, (¢) thermal en-
ergy recovery of 90%, (d) acceptably flat temperature distribution, and (e) excluding
The optimized blanket/shield has an overall

All tritium breed-

all "exotic" or problematic materials,
thickness of 36 em and conforms with all the above requirements,
ing is accomplished in a 24-cm-thick breeding zone using stagnant enriched lithium-6,
and lead as a neutron multiplier., The energy recovery in this breeding zone 1is 71%
which, together with an additional energy extraction of 197 in a 12-cm-thick laminated
stainless steel/boron carbide shleld zone, results in the desired overall thermal
efficiency of 0.90 which is considered adequate if normal-conducting magnets are

used for plcsma confinement.

INTRODUCTION
For most fusion reactor designs, no matter if For such reactor concepts relatively general and
a magnetic or inertial confinement concept is simple requirements for the blanket/shield assem-

used, 1t is most desirable that the blanket/shield bly can be specified:
1)
(2)

(3

system requires a minimum of space. Here w: de- minimum overall thickness,

fine as blanket that portion of the design which tritium breeding ratio of 1,10,

1s needed to breed tritium and whiclh is usually overall shielding effectiveness resulting

located inboard of the toroidal field coll in a in a 90% energy recovery, within the

Tokamak design, biankot/shicld assembly,

Since every blanket also actg as

& radlation shield, it is necessary to consider

(4)

reasonably flat temperature distribution

the combination of a tritium brecding blanket
with any additlonal primary shielding as a blan-

ket/shield system. Specific shielding

requlire-
ments, in ccntrast to tritjum brecding require-
ments, differ however widely depending on the
particular reactor desipn, In the following we

! consider a magnetic confinement concept (Tokamak,
z-pinch, or mirror) which operites with normal
conducting magnets and has {ts blanket/shicld
assembly located fuboard of the main fileld coils,

i.e., between the plasma and the magnet colls,

*
_Work performed under the auspices of the U. S. Department of Energy.

resulting In acceptable thermal stress
characteristics, and

exclude all Yexotic" materials which are

(5)

difficult to handle and/or may constitute

a resource problem (e.p,, Be), and

materials which may cause undue enpineor-

ing problems duc to unfavorable mechanical

or thermal propertics (c.g., graphite or
water).

Requirement (3) for a thermal efficiency of 90%

. for the desired blanket/shicld system {s somewhat
|



arbitrary but scems to ausure sufficient radiation
shielding for normal conducting magnets. It
should be noted, however, that this requirement
is much less demanding than the usual specifica-
tion of a shielding effvctiveness of greater than
992 for fusiorn reactors operating with super-con-
ducting magnets. Any specification for a minimum
shielding effectiveness of tho blanket/shield as-
sembly will also assure an upper limit for other
" radiation induccd ~ystemi effects on coils and
other components outboard of the coils, such as
radiation damage, induced activity. biological
dose rates, and others,

A complete blanket/shield optimization under
all conceivable constraints is a formidable task
because for each allowabl: material combination
a large variety of material arrangcments (blan-
ket designs) has to be analyzed. To reduce the

number of necessary computations to manageable
propovtions we adopted the following strategy:

(1) start the optimization process with the

well-defined and well-documented RTPR
blank-t/shicld as described and analyzed
in Ref. 1, and

(2) monitor initially only teitium brecding
and total recovcrable cnergy, because
most other neutronics systems parameters
scale approximatcely proportional to the
radiation encrgy escaping from the bhlan-
ket, 1,e., inverscely proportional to the
total recoverablce cnergy absorbed within
the blanket/shield,

For convenience, the maln ncutronics features
of the RTPR blnnkct/ahiuld(l) as they pertain to
our atudy, arc briefly reviewed here, The total
blanket/thickness 1o measured from the first wall
radfus (always at 50.0 ¢m) to the inboard A0

273
insulation layer of the implosion heating coll

and amounts to 38.9 cm for the original RTPR
blanket.
The thermal efficiency of the hlanket/shield as-

Tts tritiva breeding ratio 1s 1.11.

chbIY-"B/g {s defined as the ratlo of the total

encrgy recoverable from the blunket via coolant

channels to the total energy produced per fusion

b e e e s e v b e et e s — o=

neutron, N /Etotnl’ and amounts to 0.95

= E
B/S recover
for the original RTPR blanket deslign.

THE EFFECTS OF GRAPHITE AND BeO ON TRITIUM
NG
BREEDING AND nB,s

In a postdesign assessment of the original
RTPR blanket(z) a series of sensitivity analyses
were performed indicating quantitatively how
tritium breeding, blanket efficiency and other
neutronics design parameters vary when c~rtain
design changes are performed. We use the results
from these analyses as a starting point for desir-
able material and design changes., It is clear
from Ref. 2 that a first step in thinning the
RTPR blanket without substantial loss of tritium
breeding could be the elimination of the second
graphite region due to the low sensitivity of
the breeding ratio to neutron moderation by the
carbon in this region., Huwever, such a modifica-
tion increases the radiation heating in the copper
coils substautially, In an attempt to compensate
for this effect at least partially, we added a
«=cm-thick lead zone just inboard of the implosion
coil to recover the gamma-ray energy otherwise
leaking out of the blanket and heating the coils.
In Ref, 2 it was also established that BeO acts
as a better moderator than graphite in the RTPR
blanket. Therefore, to compensate somewhat for
the last ncutron moderation by both graphite re-
glons, and in a desire to further reduce the over-
all blanket thickness, we replaccd the first
graphite region with BeO and varied its thickness
from six to zero ca., The effccts on tritium
breuvding, as well as total recoverable and waste
energles, are shown Iin Fig. 1 together wilth a
schematic of the altered blanket. It is concluded
that even with no Be0 in the blanket, which makes
an overall blanket/shicld thickness of 21.8 ¢m, a
breeding ratio of 1,10 can be nbtained, riaing to
1.19 with 6 cm of BeO.

brecding ration of 1.10 calculated with this one- t

We fecl that a tritium

dimensional model gives enough safety margin to
account for posaible neutron strcaming cffects’
which, in a two- or three-dimcisional analysis,

could further redece the tritium breeding ratio,
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FIGURE 1, Tritium breeding and energy recovery
of thin (21.8 cm with ABeQ0=0) RIPR blanket (MOD-1)
vs thickness of beryllium oxide region,

but not below 1.0. It is seen from Fig. 2 also
that the recoverable encrgy increases with in-
creasing BeO thickness vhile the amount of waste
encrgy decreases, However, at zero BeO thick-
ne’s the blanket generates 66.8% as recoverable
encergy and 33,2% as waste energy, assuming that
no further attempts are made to recover portions
of this .aste energy by additional design
nodifications,

From the above analysis it is quite clear
that any design modiffcations outboard of the
outermost tritium breeding zone (enriched 6Li re-
- glon) will influence the total tritium breeding
‘ ratio only very slightly but can dramatically
change the amount of energy recoverable from the
blanket, Hence, 11 materials outboard of the
last lithium zone put inboard of the torvoldal
field coil act primarifly as an cnergy absorber
but cannot be uged of fictently to breed tritium.

This characteridgtic 41lows us to separate spa-

L-t{ally the teitium beeeding function of the
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FIGURE 2. Breeding zones arrangement in MOD-2

blanket with contributions of individual zones to
total tritium breeding for Be= and Li/Pb-multipliers,
blanket from its encrgy conversion function.

Since the conversion of radiation cvergyv into
thermal cecnergy 1s the general function of a ra-
diation shield, we can view the entire blanket

as a blanket/shield assembly where tritium breed-
ing 1s accomplishec with the Innermost repions
only, while the outer reglons are just shielding.
Based on thin feature we can now divide our opti-
mization process into two parts; first, an opti-
mization of the inner breeding regions, and then

a geparate optimlzation of the oater shield regptons

of the entire blanket/shield ssembly,

BREEDING-ZONE OPTIMIZATION

Concern over the avallability and use of beryl-
lium 1in the RIPR blanket has fnitiated addizionad
modifications in the breeding zones of this blanket

ces{gn (MOD-1). First, the 2.5~cm-thick Be region

_necar the first wall acting as a neutron multiplier

was replaced by lead, cxpecting that the fairly

farge (n,2n) and (n,3n) cross scctions of Ph will



assure some compensation for the eliminated neu-
Indeed,
the total tritium breeding ratio is reduced by

tron multiplication of the beryllium,

only 5% to 1,05 from the former 1.1G with beryl-
lium as multiplier and no BeO moderator, as in-
dicated in Fig. 1. Obviously, the secondary neu-
trons generated in lcad have other spectral char~
acteristics thaa those generated in beryllium,

In a sccond computation the effect of replacing
the neutron multiplier altogether with breeding
material was investigated. We substituted natu-
ral lithium for the orfginal metallic beryllium,
The result is a breeding ratio of 1,01 (compare
Fig. 1), which does not leave any margin for neu=-
tron streaming effects not incorporated in this
analysis.,

To eliminate any potential future problems
associated with the use of Be in the RTPR blan-
ket we decided to use Pb instead of Be as a neu-
tron multiplier, In an attempt to increase the
breeding characteristizs of the thin MOD-1 blan-
ket discussed above (containing Pb but no Be and
no Be0), without substantially increasing the
total blanket thickness, the pure liquid lead was
replaced by a lithlum/lead alloy (Lin)(B) to in-
crease the amount of breeding material (Li) with-
out eliminating the neutron multiplicr. However,
since the blanket arrangement with a 2,5-cm-thick
pute Pb ncutron multiplier reached a tritium
breeding ratio of only 1,01 (compare Fig. 1), we
decided to increase the thickne' s of thisg multdi-
plier zone to 5.5 cm, In addition, it was rec-

ognized carlier that in the MOD-1 blanket with

no BeO (sco Fig. 1) over 80%Z of the tritium pro-
duction occurs in the two enrlched 6Li-znnes (to-
tal of 4.8 cm thick) rather than the natural 1ith-
ium coolant channels,
i dum production furthar, we also increased the to-

] 6
i tal thickness of the two enriched Li-zones to a

!totnl of 10.4 cm (5.7 + 4.7).
}
rrangemont of breedine zones in this new (MOD=-2)

i blanket {8 shown {n Fige 2. Since this blanket

The resulting ar-

) Can - ’ 6, .
fuaes a large amount ¢ 95 atom-z convlched "Li we
i

lnecided to teplace the natural Lithium coolant

Therefore, to enhance trit-

(zones 1, 3, and 5 in Fig. 2) with 99 atom~% en-
riched 7Li which should be available in large
quantities after the required enriched 6L1 is
separated Erom n-Li (92,5 atom-% 7Li and 7.5
atom-7% 6Li). The net effect on tritium production
of replacing all natural lithium coolant with 99
atom~7 enriched 7Li was a decrease of the total
tritium breeding ratio by only 1%.

Figure 2 analvzes the breeding characteristic
of the MOD-2 blanket by zones. Although the chzuge
from Be to LiPb alloy in zone 2 increases tri:ium
production in this zone substantially (from 0,007
to 0,077 per fusion necutron), the associated re-
duction of tritium breeding in zone 4 however
(from 0.565 to 0.455 per fusion ncutron) is scill
dominating. This effect indicates clearly that
a goord neutron multiplier in zone 2 is more bene-
ficial to the trotal tritium production than ad-
ditional breeding material. To find the optimum
composition of Li and Pb for zone 2 we varied the
lead content in this zone from zero to 1007 by
allowing mixtures cf pure n-Li with J1.iPb alloy
and pure Pb with LiPb alloy and taen varying the
volume fraction of LiPb alloy in the mix., Figure
3 shows how the total tritlum production increases
monotonically with Increasing lead content to give

a maximum breeding ratio of 1,06 for pure Pb in

zone 2. This confirms the above indication that
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:he neutron multiplication by Pb in zone 2 is
nore beneficial than added breeding in this zone,
[n an attempt to strive for an optimum distribu-
:ion of enr ..d 7Li coolant channels with re-
;pect to tritium breeding in the MOD-2 blanket,
ve performed a series of additional computatiuns
vhereby ihe enriched 7Li of zone 3 wes homogene-
susly distributed within the LiPb/Pb mixture of
zone 2. The result was an increase of the total
tritium production by 1.1 percent throughout.
Ihis breeding gain appears to be insufficient,
iowever, to justify the added complexity of en~
riched 7L1 piping if such "homogenizaticn" were
attempted in practice.

As shown in Fig, 3, the total tritium breed-
ing ratio for the MOD-2 blanket with pure Pb 1in
zone 2 is 1.062, still short of our target value
of 1,10,

arrangement was therefore performed where r*a

A sensitivity analysis of this blanket

thickness of the Pb region (zone 2), the first
enriched 6L1 region (zone 4), and the second en-
riched 6L1 region (zone 6) were varied succes-

sively and the change in total tritium breeding
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A
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FIGURE 4,

"

to zone thickness variations lo MOD-2 blanket,

Sengitivity of total tritium breeding

monitored.

where ABR is defined as

The results are plotted in Fig. 4,

4BR = BRaltered design ~ BRMOD—Z with PB in zone 2°

Maximum variation on these zone thicknesses were
held to AR = + 1 cm, and Fig. 4 indicates that
all three zrne thickness variations proauce ap-
proximately the same BR within the limits of
AR = + 1 cm. Thevrefore, total tritium production
is enhanced almost equally by equal thickness In-
creases of either the Pb multiplier zone or any
one of the two enriched 6L1 breeding zoncs. Based
on this analysis we increased the total thickness
of both, the Pb as well as the enriched 6Li slightly
to push the total tritium breeding ratio over 1.10.
From a coolant technology point of view it becomes
now desirable to redistribute the lithium-7 coolant
channels so that the material arranpgement shown in
Fig. 5 results (MOD-3).
ing ratio of the MOD-3 blanket shown in Fig,
1.172,

get breeding ratio of 1,10 by about 77 possibly

The total tritium breed-
5 is

It appears then that we overshot our tar-

due to synergistic etfects cxcluded from the re-
sults of the foregoing sensitivity analysis
(Fig. 4).

In an attempt to tune the high MOD-3 breeding
ratio closer to 1.10 we performed a final sensi-
tivity analysis to obtain guidance o perform a
maximum blanket thinning with an allowed loss of
7% tritium breeding. Fipure 6 displays the re-

sults of this two-step procedure., From the first
part it became clear that a thinning of either
onc of the tw»y Pb zones in the MOD-3 blanket pro-

duces the smaltest loss fn tritium production

enr. — TLi coolant channels

ard

[ )
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FIGURE 5.
blaunket.

Schematic of breeding region of MOD~3
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individual zone thicknesses.

(compare Fig, 6): for AR = -1.0 cm a ABR of minus breeding ratio of 1.10, Another, more gencral

0,022 results, as compared to a ABR of - 0.032 if conclusion can also be drawn from this last sengi-
one of the enriched 6Li zones is thinned by 1 cm, tivity analysis: the MOD-4 as well as the final
This result is somewhat surprising because for optimized blanket cﬁploy a well-balanced material
the MOD-1 and MOD-2 blaakets we found that the arrangement for tritium breeding purposes in the
neutron multiplying properties of Be or Pb were of sense that the sensitivities to design changes
higher benefit to the total breeding ratio than are approximately equal for all five significant
the brecding properties of natural lithium. How- zones !

ever, the MOD-3 blanket arvrangement is signifi-

cantly diffecrent from ite forerunners, and the iﬁ?R) ~ constant for all 1,
above high sensitivity to lithium refers to i

6 ¢ Ur: T 5 f3
enry—"LL rather than natural L1, Thercfore, as where Ri denotes the thickness of each individual

an tnitial adjustment to the MOD-3 blanket we re=- zone 1 (neutron multiplicr as well as breeding

red the ss of eac f the P 1ei-
duced the thickness of each o he two Pb multd material). For that reason we claim that the

plier zones by 1.0 cm to reach a breeding ratio

breeding part of the new blanket/shield design is
of 1.124, With this new (MOD~4) blanket then the

an optimized and well-balanced design, !
same sensitivity analysis was per formed varying

5 o Y 7
each of the five zone widths individually. The SHLELD ZON OPTIMLZATLON

results of this sccond stop are also shown Ln ! In the previous gections we arbitrarily defined

Fig. 6. As a conclusion, we can thin the MOD~4 the shield zone of a blanket/shield assembly as

' consisting of those materials outboard of the trit=-

blanket further by 0.8 cm to reach our target
L-,tv“-“-..m“ e e meimee e oo dum breeding zone but still inboard of the first

(] L] [ ]

THanY e 0 o w



'coil, insulators, and other components further

away from the plasma, against excessive radiation.
Obviously, the tritium breeding zone has also a
substantial shi2lding function, but, in most

cases this is insufficient so that additional
shielding material must be added. For example,
the breeding zone of the MOD-5 blanket absorbs
7v.9% of the total energy deposited in blanket,
shield, and coils. The additional shielding re-
quired to mecet our target specifications must be
designed so that 15 to 25% of the total energy is
deposited in it to obtain a thermal efficiency
for the entire blanket/shield assembly of n
0.85 to 0.95.

quirement for n

B/S ©
A more precisely specified re-

B/S is possible only as the re-
sult of a dctailed systems optimization which in-
corporates total energy balance and plasma engi-
neering considerations. Nevertheless, it should
be pointed out that the requirement of 0.85 <
nB/S < 0,95 for a reactor concept which operates
normal-conducting magnets is much less demanding
than usual specifications of nB/S > 0,99 for
fusion reactors operating with super-conducting
magnets.

Most of the radiation shielding function in
the original reference RTPR blanket (MOD-0) was
carried out by the vast amounts of graphite in
this design (compare Ref. 1). The 2xtremely good
neutron moderation properties of graphite can be
obtained only by other very low atomic number
materials such as H, He, Be, B, etc., most of
which cannot be used for currently studied fusion
reactor desipns from other than necutronics reasons,
Also, the graphite in the MOD-0 blanket has been
interspersed with the breeding zones to boost trit-
6Li. With

and shielding

fum production from thermal neutrons in

the ncw concept, separating breeding

functions spatially, we need to investigate new

materials for the shielding part of the blanket/

shield asscmbly, '
Extensive shield optimization studies have

been performed for the ANL Tokamak Experimental

(4)

Power Reactor design whici propose laminates

of stainless steel (88) and boron carbide (B&C)

.as.a most effcctive radiation shifeld which is

] :

THUIAC %y o

e

optimized for minimum thicknecss., Based on these
results and somec additional calculations, we ar-
rived at the MOD-5 shield assembly shown in Fig.
7 (top schematic) which has been optimized to give
a total blanket/shield thermal efficiency of about
90%.

7Li coolant channels are inserted in this 12-cm-

It should be pointed out that two enriched-

thick shield to ¢xtract the absorbed enz2rgy (ap-
proximately 227 of total). Also shown in Fig. 7
are variations of this optimized shield which
achieve total blanket/shield thermal efficiencies
ranging from 0.87 to 0.93. In Fig. 8 we plotted
Ng/g VS the total thickness of the blanket/shield
assembly where only those (optimized) designs are
chosen from Fig. 7 which achieve the highest nB/S
for a fixed thickness, It 1s interesting to note
from Figs. 7 and 8 that the effectiveness of
shielding added to the outside of the B/S assembly
diminishes rapidly as the entire assembly gets
thicker and n

approaches 1.0, Also, the specific

B/S
arrangement of these outside materials becomes less

important.

SUMMARY
A schematic of the optimized complete blanket/
shield assembly is shown in Fig. 9. Within a total
thickness of 36 cm the target breediang ratio of
1,10 is achieved as well as a blanket/shield ther-
mal efficiency of 90%. Also, this new design uses
only materials of which the thermal, mechanical,
electric, and maguetic properties are well under-
stood and within technically and economically
feasible bounds. Beryllium and graphite are to-
tally eliminated,
Although all computations were performed in
one-dimensional cylindricat geometry a very de-
tailed model with 44 separate waterial zones was
-mployed which allowed a realistic inclusion of
the effects of structural materials (Nb walls of
varying thicknesses) and insulators (AEZOB). A
detailed description of tue 44-zoue geometry and
all isotoptc material compositions are contained
in a separate LASL report. Flgure 10 shows the l
radial distribution of the tuztal heating rates

throughout the optimized blanket/shteld assembly,
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Based on these heating rates Court and Krakouskés)

performed a detalled heat transfer analysis for
the pulsed operation of a fusion reactor with

this blanket/shield design.
from Ref. 5, gives an illustration of the radial

Figure 11, borrowed

temperature profile throughout the optimized

blanket/shield for threc different plasma condi-
tions. This confirms that our requirement (4)
of acceptable temperature distribution 1s also

met by the new design.

. e mm = o =P . e —




|
|
|
|
|

FIGURE 10
&

- m——

- e e e e Radius (m) - -

IGURE 10,

Distonce From Plesma Center Line, R[cm]

24 cm breeding zon
Totol Blonket/Shield thickness=36em 4o, o o oo o Zone
{2 cm shielding zone

Tritium breeding ratio, BR = LIO

Blanket/shield thermal efficiency, =0.90

Mars
Li-6 2 95 at.-% enriched SLi, stagnani
Pb & liquid lead, p =10.5 g/cm3

% 4 Lithium coolant, 99 of. - % enriched ‘Li

Structurol walls of | to 2 mm niobium

Y el eo Hui-el] Li-6 Hui-s| re A eac ] 8ac r| colLs
50 60 - 70 80

1
86

FIGURE 9. Schematic of optimized blanket/shield model.

g8xi0-'® ) S T

6x107'¢ |- -
Pb

4x107'¢ | .

ﬁ | sL1
(g

2x10-16

Heating Rote (W-s)/ Neutron

i
e
- =

1

o) 1 1
050 060 070 OQEO0O 080

el ¢ Radial distribution of total (neutron + socondary gamma) hoating rates in optimized blankct
ileld per fusion neutron.

e ¢ = e————— 4t

\
|
N



1600 T ' T 1 4 T T |
End of plasma dump, AP=5.1kPa

1500 | ' .
EE 14001 Enlt T
g
< 1300 -’,“ o ]
o “\U. ~N\
a L e N ’
3 ! 3 / ’ -
5 revof- \/ \/ / ;

] ”
100 } Infet v -
1000~ ———Ay—— —\/
- A
1350}

End of plosma dump,AP=5IkPo

Temperature (K)

RIFIERENCES

1.

2,

s.

R. A. Krakowski, er, al., "An Engincering
Deslgn study of a Reference Theta-Pinch
Reactor (RTPR)," Los Alamos Scientific
Laboratory report LA-5336 {1974).

E. L. Simmons, D, J. Dudziak, and $. A. W,
Gerstl, "Reference Theta-Pineh (RTPR) Nucleonic
Design Scensitivity Analysis by Perturbation
Theory," Los Alamos Scientifie Laboratory
report LA-6272-MS (April 1976); and "Nuclear
Design Sensitiviiy Analysis for a Fusion
Reactor," Nucl. Technol. 34, 317-340 (1977).

N. A. Frip~rio and L. L. LaVoy, '"The Prepara-
tion and Propertices of LiPb, a novel material
for shiclda and collimators," Nucl. Technol.
10, 322-324 (1971),

W. M. Stacey, et. al,, "Tokamak Experimental
Power Reactor Conceptual Design," Argonne
Natiopal Laboratory report ANL/CTR/=75-2
(1975) and ANL/CTR/-76-3 (1976).

G. E. Cort and R. A. Krakowski, "Heat Transfer
in the Lithium-Cocled Blanket of a Pulsed
Fusion Reactor," Proceedings of Sixth Intl.
Heat Transfer Conf., Toronto, Canada, August
6-11, 1978.

ACKNOWLEDGMENT

EE B
g
2
5 .
a
€ 10s0P -
= W mzo3
Flret wyll
1000} A|2°3. Nb .
A0y __ I L1
950 1 1 1 L 1 1 1
050 060 070 080 090
Radius (m)

+~ FIGURE 11. Radial temperature distributions

throughout the optimized blanket/shield for
i varying plasma conditions,

The author would like to thank his colleagues

D. J. Dudziak, G. E. Cort, and R, A. Krakowcki

for many stimulating technical discussions with

respect to the toples addressed in this paper.

0l

PRIN G2 0 o 11

[



